1. Introduction {#s0005}
===============

Alzheimer disease (AD) leads to impaired memory and cognition culminating in dementia, loss of independence, and a heavy toll on patients and their families. A large body of evidence has supported the "amyloid hypothesis" that dysregulation of Aβ metabolism and the associated aggregation of Aβ into amyloid plaque leads to a pathophysiological process that results in synaptic dysfunction and neuronal death. Thus, numerous therapies specifically targeting Aβ have been tested in the past two decades ([@bb0065]). However, \>100 candidate treatment compounds have failed to meet their clinical endpoints, leading to increasing interest in other possible AD-related pathophysiological mechanisms, such as accumulation of intracellular tau ([@bb0090]; [@bb0150]; [@bb0170]; [@bb0230]), and more recently, inflammation ([@bb0190]; [@bb0200]; [@bb0220]; [@bb0260]; [@bb0470]).

Several lines of evidence point to the involvement of inflammation and white matter (WM) damage in early AD disease progression. First, cognitively normal individuals who chronically use non-steroidal anti-inflammatories have fewer activated microglia and lower risk of AD than non-users ([@bb0035]; [@bb0095]; [@bb0120]). Fibrillar Aβ stimulates a classical proinflammatory response in microglia, which can be visualized in AD patients and may be present in preclinical AD ([@bb0085]; [@bb0410]; [@bb0495]). A study of autosomal dominant AD suggested that astrocyte activation occurs in presymptomatic AD, indicating that inflammatory astrocytosis may contribute to early symptomatic AD pathology ([@bb0400]). Moreover, disrupted WM may occur very early in preclinical AD ([@bb0185]; [@bb0295]; [@bb0365]), promote phagocytosis of amyloid plaques ([@bb0430]; [@bb0465]), and modulate the relationship between the pathological and clinical manifestations of AD ([@bb0375]). Animal studies have recently demonstrated defective clearance of myelin debris, axonal dystrophy, and oligodendrocyte reduction in the triggering receptor expressed on myeloid cell 2 (TREM2 )--deficient mice compared to wild-type mice ([@bb0100]; [@bb0360]), suggesting microglial response to WM damage. These findings have led to a search for accurate and robust in vivo markers specific for inflammation and WM damage in AD.

A novel multi-parametric diffusion MRI analytic technique, diffusion basis spectrum imaging (DBSI), was developed to simultaneously detect and quantify inflammation and WM damage in the central nervous system. In particular, DBSI can discretely quantify intra- and extracellular water and allows for discrimination of vasogenic edema, increased cellularity, axonal injury/loss, and demyelination ([@bb0110]; [@bb0535]; [@bb0530]; [@bb0540]). The DBSI biomarker for inflammation is the DBSI restricted water compartment, which is a surrogate for cellularity. DBSI cellularity increases have been associated with activated microglia and astrogliosis in multiple sclerosis ([@bb0110]; [@bb0535]; [@bb0530]; [@bb0540]); therefore, it can be potentially employed as a marker for astrogliosis and microglial activation in AD. Moreover, DBSI can separate anisotropic diffusion markers (reflecting WM integrity) from isotropic diffusion markers, and are thus more specific and accurate in reflecting WM pathology than the standard model of diffusion tensor imaging (DTI) ([@bb0110]; [@bb0535]; [@bb0530]; [@bb0540]). As initially conceived, DBSI employed diffusion MRI scans with 99 diffusion weightings. This protocol is not always available or optimal in clinical or clinical research settings. In the previous simulation and ex vivo study ([@bb0110]), a compact 25-direction diffusion MRI scan provided sufficient accuracy in DBSI solutions. Here, we use the same 25-direction, multiple b-value diffusion MRI version of DBSI; We denote this clinical version of DBSI as neuro-inflammation imaging (NII). NII was used to study healthy cognitively normal controls, participants with preclinical (asymptomatic) AD, and participants with early symptomatic AD to better understand the role of WM inflammation and degeneration in the pathogenesis and progression of AD. The association between NII-derived indices and CSF biomarkers of AD pathology were examined to assess the relationship between WM inflammation, damage and AD Aβ and tau pathologies.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

Two hundred participants were enrolled in longitudinal clinical and biomarker studies of memory and aging at the Knight Alzheimer\'s disease Research Center at Washington University School of Medicine, St Louis, MO, USA (P50AG005681, P01AG026276, and P01AG003991). Details of recruitment and assessment have been published elsewhere ([@bb0055]). The Human Research Protection Office at Washington University approved all studies, and written informed consent was obtained from all participants. All individuals were evaluated by experienced clinicians using a semi-structured interview with a knowledgeable collateral source. Detailed neurological examinations of the participants were performed in accordance with the Uniform Data Set protocol of the National Alzheimer\'s Coordinating Center ([@bb0315]). A clinical diagnosis of symptomatic AD, where appropriate, was made in accordance with criteria developed by working groups from the National Institute on Aging and the Alzheimer\'s Association ([@bb0015]; [@bb0290]). Dementia was staged according to the global Clinical Dementia Rating, CDR ([@bb0310]). The inclusion criteria required participants have CSF measures of amyloid (Aβ~42~) and neurodegeneration (total tau \[t-tau\]) within two years of the MRI acquisition; Participants were classified as healthy controls (*n* = 140) if they were AD biomarker negative (CSF Aβ~42~ ≥ 459 pg/ml and t-tau \<339 pg/ml) as defined previously ([@bb0510]) and cognitively normal defined as a CDR = 0 ([@bb0310]). Participants were classified as preclinical AD (*n* = 34) according to NIA-AA criteria ([@bb0450]) if they had positive CSF Aβ~42~ (CSF Aβ~42~ \< 459 pg/ml) with normal cognition (CDR = 0). Early symptomatic AD participants (*n* = 26) had very mild dementia (CDR = 0.5), positive CSF Aβ~42~ (CSF Aβ~42~ \< 459 pg/ml) and these participants were diagnosed with dementia thought to be due to AD without other disease contribution, e.g., depression, cerebrovascular disease, etc. ([@bb0290]). Other neuropsychological evaluations including the Mini-Mental Stage Exam (MMSE) and CDR sum of boxes were also provided.

2.2. Genotyping {#s0020}
---------------

DNA was extracted from peripheral blood samples by standard procedures. Apolipoprotein E genotyping was performed as previously described ([@bb0480]). The presence of at least one apolipoprotein E ε4-allele was defined as *APOE* ε4 positive (*APOE* ε4+).

2.3. CSF collection and analysis {#s0025}
--------------------------------

CSF (20--30 ml) was collected within 24 months of the imaging session by routine lumbar puncture using a 22-gauge atraumatic Sprotte spinal needle (Pajunk Medical Systems, Norcross, GA, USA) after overnight fasting as previously described ([@bb0145]). Samples were gently inverted to avoid possible gradient effects, briefly centrifuged at low speed, aliquoted (0.5 ml) into polypropylene tubes, and frozen at −84 °C. Samples were analyzed by ELISA for Aβ~42~ and t-tau (INNOTEST; Fujirebio, formerly Innogenetics, Ghent, Belgium).

2.4. MRI acquisition {#s0030}
--------------------

Diffusion MRI was collected on 3 T TIM Trio (Siemens, Erlangen, Germany) scanners with a 12-channel head coil equipped with parallel imaging. The imaging resolution was 2 × 2 × 2 mm^3^. Repetition time (TR) and echo time (TE) were 14,500 ms and 112 ms, respectively. The 25-direction diffusion-encoding scheme (24 diffusion sensitized +1 unsensitized \[B~0~\] volumes) was implemented for data acquisition. The maximal b-value was 1400 s/mm^2^. The full set of b-table is presented in Supplementary Table 3. Data were collected in two 6-min runs using a single-shot diffusion-weighted echo planar imaging sequence. Diffusion-weighted images were registered to T1-weighted (T1W) magnetization prepared rapid acquisition gradient echo (MPRAGE) and T2-weighted (T2W) fast spin echo (T2W-FSE) scans. The acquisition parameters for MPRAGE were the following: TR, 2400 ms; TE, 3.16 ms; inversion time, 1000 ms; imaging resolution, 1 × 1 × 1 mm^3^. T2W-FSE was acquired with the following parameters: TR, 3200 ms; TE, 455 ms; imaging resolution, 1 × 1 × 1 mm^3^.

### 2.4.1. Neuro-inflammation imaging {#s0035}

In neuro-inflammation imaging (NII), each of the potential pathological components, including inflammatory cell components, extracellular water/vasogenic edema, neuronal injury/loss, and demyelination, within each voxel is modeled by a dedicated diffusion tensor (Supplementary Fig. 1). The weighted sum of all sub-voxel pathological components describes the composition of pathological components as described in Eq. [1](#fo0005){ref-type="disp-formula"}.$$\mathbf{S}_{\mathbf{k}} = \sum\limits_{i = 1}^{N_{\mathit{Aniso}}}f_{i}e^{- {|\overset{\rightarrow}{b_{k}}|} \bullet \lambda_{⏊\_ i}}e^{- {|\overset{\rightarrow}{b_{k}}|} \bullet {({\lambda_{\|\_ i} - \lambda_{⏊\_ i}})} \bullet \cos^{2}\psi_{\mathit{ik}}} + \int_{a}^{b}f\left( D \right)e^{- {|\overset{\rightarrow}{b_{k}}|}D}\mathit{dD}\ \left( {{k = 1},2,\ldots,K} \right)$$

Specifically, NII models the entire diffusion-weighted MR signal as a linear combination of multiple anisotropic diffusion tensors (the first term in Eq. [\[1\]](#fo0005){ref-type="disp-formula"}, representing crossing myelinated and unmyelinated axons of varied directions) and a spectrum of isotropic diffusion components (the second term, resulting from cells, sub-cellular structure, and edematous water). The quantities ***S***~***k***~ and $\left| \overset{\rightarrow}{\mathbf{b}_{\mathbf{k}}} \right|$ are the signal and b-value of the ***k***^***th***^ diffusion gradient, ***N***~***Aniso***~ is the number of anisotropic tensors (fiber tracts), **Ψ**~***ik***~ is the angle between the ***k***^***th***^ diffusion gradient and the principal direction of the ***i***^***th***^ anisotropic tensor, ***λ***~‖\_***i***~ and ***λ***~⊥\_***i***~ are the axial and radial diffusivities of the ***i***^***th***^ anisotropic tensor, ***f***~***i***~ is the signal intensity fraction for the ***i***^***th***^ anisotropic tensor, and *a* and *b* are the low and high diffusivity limits for the isotropic diffusion spectrum ***f***(***D***) (reflecting cellularity and edema). Similarly to DBSI ([@bb0530]; [@bb0540]), a two-step approach was employed to solve Eq. [1](#fo0005){ref-type="disp-formula"}. In the first step, the number of anisotropic tensors (***N***~***Aniso***~) and associated principal directions (**Ψ**~***ik***~) were determined based on a diffusion bases decomposition approach ([@bb0370]). The second step was performed to determine ***λ***~‖\_***i***~ ***λ***~⊥\_***i***~ and ***f***~***i***~ of each anisotropic tensor (*i* = 1, 2 ... ***N***~***Aniso***~) along with the isotropic diffusion spectrum ***f***(***D***) in Eq. [(1)](#fo0005){ref-type="disp-formula"} using a regularized least-squares cost function ([@bb0530]; [@bb0540]). Diffusion measurements with multiple directions and weightings are required for NII to provide a unique solution ([@bb0385]; [@bb0390]). Regularized nonnegative least-squares analysis incorporating a priori information of nonnegative signal intensities fraction ([@bb0390]) and finite signal energy ([@bb0070]; [@bb0075]) are employed to prevent over-fitting to the noisy data while retaining the accuracy of the NII solution. By solving the NII model, the following indices were quantified: (1) cellular fraction (reflecting cell density); (2) cellular diffusivity (reflecting cell size); (3) FA (reflecting the WM integrity); (4) axial diffusivity (reflecting WM axonal injury); (5) radial diffusivity (reflecting WM demyelination); and (6) mean diffusivity (the average of axial and radial diffusivities). In particular, we define the isotropic diffusion components to represent restricted isotropic diffusion (associated with cellular components) by using a tentative threshold for isotropic diffusivity of 0.3 μm^2^/ms, based on previous findings ([@bb0530]; [@bb0540]). Unlike DTI and other advanced diffusion MRI approaches, NII can detect and quantify the unique restricted isotropic signal signature reflecting inflammatory cells by excluding the confounding effects from anatomical complexity and WM degeneration.

2.5. Data processing and analysis {#s0040}
---------------------------------

The 25 diffusion-weighted images acquired in one diffusion MRI sequence were motion-corrected by an iterative procedure. In order to correct for eddy current related geometric distortion between EPI diffusion images and 3D GRE/FSE anatomical images, we first registered the non-b0 diffusion images to b0 images with rigid body transformation. Then a 9-parametric affine transformation was employed to correct for stretch along the phase encode direction to better align the b0 image to the T2W image. Registration was completed by aligning the T2W images to the T1W images which were then aligned with the atlas image. The final resampling step output 24 volumes registered with the B~0~ volume of the first acquired diffusion-weighted imaging dataset. The two runs were averaged together to obtain a better signal-to-noise ratio. All datasets were analyzed by a multi-tensor model analysis package developed in-house ([@bb0530]) in MATLAB (MathWorks) and maps of NII cellular fraction, cellular diffusivity, FA, axial, radial and mean diffusivities were generated.

The whole-brain, voxel-wise NII-derived indices were analyzed using Tract Based Spatial Statistics (TBSS) from the FSL (<http://www.fmrib.ox.ac.uk/fsl>) software package ([@bb0435]; [@bb0425]). NII FA images were slightly eroded, so the boundary image slices were excluded to remove possible outliers caused by poor diffusion tensor fitting at the edges. Participants\' FA data were aligned into a common space using the nonlinear registration tool FNIRT ([@bb0225]). A mean FA image was created and thinned to create a mean FA skeleton that represents the centers of all tracts common to the group. Each participant\'s aligned FA data, and other NII-derived indices, were projected onto this skeleton for statistical analyses. Nonparametric permutation tests were used for voxel-wise statistical analysis of the individual FA skeletons between the healthy controls, the preclinical AD and the early symptomatic AD cohorts. Voxel-wise associations between NII-derived indices and CSF markers of AD pathologies (CSF Aβ~42~ and t-tau) were examined through TBSS. The significance threshold for group differences and associations with CSF biomarkers was set at *P* \< .05, corrected for multiple comparisons by using a family-wise error correction across voxels by using the threshold-free cluster-enhancement option in Randomise 2.0 in FSL ([@bb0425]). Identification of the abnormal WM tracts revealed by TBSS was based on the Johns Hopkins University (JHU) atlas ([@bb0210]; [@bb0305]; [@bb0515]; [@bb0520]). The statistical analyses performed by TBSS controlled for age, gender, and the presence of an *APOE* ε4 allele.

Continuous and categorical variables in characteristics across all the three groups were compared using the Kruskal-Wallis test and the Chi-square test, respectively. The least square means per group for each outcome were estimated after controlling for age, gender and *APOE* ε4 genotype. The partial correlation was also considered to measure the strength of a relationship between CSF measures and imaging metrics in WM tracts while controlling for the effects of other variables. All statistical tests were two-sided with α = 0.05. SAS version 9.4 (Cary, NC) was used to perform all statistical analyses.

3. Results {#s0045}
==========

3.1. Participant demographics {#s0050}
-----------------------------

Demographic data are summarized in [Table 1](#t0005){ref-type="table"}. Our cohort included 140 cognitively normal healthy control participants (CDR = 0.5, CSF Aβ~42~-negative), 34 cognitively normal individuals with preclinical AD (CDR = 0.5, CSF Aβ~42~-positive), and 26 participants with early symptomatic AD (CDR = 0.5, CSF Aβ~42~-positive). On average, the early symptomatic AD individuals were significantly older than the healthy controls and preclinical AD individuals, and the early symptomatic AD group included more male participants than the other two cohorts. Only 12.9% of the healthy controls carried at least one *APOE* ε4 allele, whereas 76.5% of the preclinical AD and 88.5% of the early symptomatic AD participants carried this allele. MMSE and CDR sum of box measures for early symptomatic AD were significantly higher than those in the healthy controls and preclinical AD group. The CSF level of Aβ~42~ in the healthy controls was significantly higher than that in the preclinical and early symptomatic AD. The CSF level of t-tau was significantly elevated in the early symptomatic AD, while no difference was seen between the healthy controls and the preclinical AD participants.Table 1Characteristics of study participants.Table 1CharacteristicsHealthy controlsPreclinical ADEarly symptomatic AD*P*-valuen1403426Clinical dementia rating (CDR)000.5Age, years61.1 ± 8.162.6 ± 7.075.0 ± 5.7\<0.001Male sex53 (37.9%)11(32.4%)16 (61.5%)0.0468*APOE* e4 +18 (12.9%)26 (76.5%)23 (88.5%)\<0.001MMSE29.4 ± 0.929.3 ± 1.325.5 ± 2.7\<0.001CDR-sumbox0.0 ± 0.10.0 ± 0.02.7 ± 1.0\<0.001CSF Aβ~42~ (pg/ml)786.1 ± 200.7375.3 ± 76.1325.1 ± 71.9\<0.001CSF t-tau (pg/ml)206.9 ± 61.2228.8 ± 101.8507.4 ± 240.6\<0.001[^2][^3][^4][^5][^6][^7]

3.2. NII cellular fraction in the preclinical and early symptomatic AD {#s0055}
----------------------------------------------------------------------

No voxel-wise statistical differences of the NII cellular fraction (reflecting cell density) were found among the healthy controls, the preclinical, and the early symptomatic AD cohorts. As an example, the averaged NII cellular fraction in the region of genu of corpus callosum is 4.5% (±1.1%) for the healthy controls, 4.5% (±0.8%) for the preclinical AD and 4.4% (±1.3%) for the early symptomatic AD.

3.3. NII cellular diffusivity in the preclinical and early symptomatic AD {#s0060}
-------------------------------------------------------------------------

Elevated NII cellular diffusivity (reflecting cell size) was observed in the preclinical AD cohort when compared to the healthy controls in the major WM tracts including corpus callosum, internal capsule, corona radiata and cingulum etc. ([Fig. 1](#f0005){ref-type="fig"}A). NII cellular diffusivity was also significantly increased in the early symptomatic AD cohort when compared to those in the preclinical AD in some major WM tracts ([Fig. 1](#f0005){ref-type="fig"}B). As an example, the significant voxels common to all participants in the genu of corpus callosum were extracted to demonstrate significantly increasing NII cellular diffusivity in the preclinical AD when compared to the healthy controls, and the further increasing of this index in the early symptomatic AD cohort (*P* \< .05) ([Fig. 1](#f0005){ref-type="fig"}C). Similar findings were also found in other white matter tracks and summarized in Supplementary Table 1.Fig. 1Neuro-inflammation imaging (NII) detects increased cellular diffusivity in the preclinical AD and in the early symptomatic AD when compared to the healthy control participants. Coronal, axial and sagittal views show the voxels (red/yellow clusters, expanded to be visible) in which NII cellular diffusivity (reflecting cell size) significantly (*P* \< .05) increased (1) in preclinical AD after multiple comparison when compared to the healthy controls cohort (A) and (2) in the early symptomatic AD cohort when compared to the preclinical AD cohorts (B). The mean FA skeleton (green) representing the centers of all WM tracts common to participants was overlaid on the Montreal Neurological Institute standard space brain T1-weighted image. (C) Boxplot demonstrates that the NII cellular diffusivity in the region of genu of corpus callosum is significantly increased in the preclinical AD and further significantly increased in the early symptomatic AD when compared to that in the healthy controls. Thick lines indicate means, boxes indicate 25th to 75th percentiles, and thin lines indicate 5th and 95th percentiles. The age, gender, and *APOE* e4 genotype were controlled for in computing the statistical significance of differences. L, left hemisphere; R, right hemisphere; P, posterior; A, anterior; \**P* \< .05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

3.4. Relationship between NII biomarker of inflammation and CSF biomarker of amyloid plaque {#s0065}
-------------------------------------------------------------------------------------------

NII cellular diffusivity was negatively correlated with CSF levels of Aβ~42~ in major WM tracts ([Fig. 2](#f0010){ref-type="fig"}A and Supplementary Table 2) when analyzed across all groups. The mean NII cellular diffusivity from the cluster located in the genu of corpus callosum were extracted. As an estimate of effect size, the partial correlations were also examined between NII imaging markers and CSF Aβ~42~. When controlling with age, gender and *APOE* ε4 genotype, the partial correlation with CSF Aβ~42~ was *r*~*partial*~ = −0.39 (*P* \< .001) for NII cellular diffusivity.Fig. 2Correlations between NII-derived indices and CSF Aβ~42~. Coronal, axial and sagittal views show the voxel-wise significant (*P* \< .05) (red/yellow clusters, expanded to be visible) correlations between NII cellular diffusivity and CSF Aβ~42~ (A). The mean FA skeleton (green) representing the centers of all WM tracts common to all participants was overlaid on the Montreal Neurological Institute standard space brain T1-weighted image. Cluster-based thresholding corrected for multiple comparisons. (B) Scatter plot showing the association between NII cellular diffusivity and the CSF marker of β-amyloid in the genu of the corpus callosum. Diamond marker represents the healthy controls, red triangle represents the preclinical AD and the green circle represents the early symptomatic AD participants. The age, gender and *APOE* ε4 genotype were controlled for in computing the statistical significance of differences. L, left hemisphere; R, right hemisphere; P, posterior; A, anterior. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

3.5. NII-derived FA, axial, radial and mean diffusivities in the preclinical and early symptomatic AD {#s0070}
-----------------------------------------------------------------------------------------------------

A significant voxel-wise decrease of NII FA was found in the early symptomatic AD cohort when compared to the healthy controls and the preclinical AD cohorts in most of the WM tracts ([Fig. 3](#f0015){ref-type="fig"}A & B and Supplementary Table 1). The significant voxel-wise increase of NII radial diffusivity, which is a more accurate measure of the myelination than its DTI-derived counterpart ([@bb0530]; [@bb0540]), was also found in the early symptomatic AD cohort when compared to the healthy controls and the preclinical AD cohorts in most of the WM tracts ([Fig. 3](#f0015){ref-type="fig"}C & D and Supplementary Table 1). There were no differences of NII FA and radial diffusivity between the healthy controls and the preclinical AD cohorts. The significant voxels common to all participants in the genu of corpus callosum were extracted to demonstrate there were a significant decrease of NII-derived FA ([Fig. 3](#f0015){ref-type="fig"}E. (a) and a significant increase of NII radial diffusivity ([Fig. 3](#f0015){ref-type="fig"}E. (b) in the early symptomatic AD cohort when compared to the healthy controls and the preclinical AD cohorts (*P* \< .05). No differences were found among the three cohorts for NII axial and mean diffusivities.Fig. 3NII detects decreased FA and increased radial diffusivity in the early symptomatic AD when compared to preclinical AD and healthy controls. Coronal, axial and sagittal views show the voxels (red/yellow clusters, expanded to be visible) in which (1) FA significantly (*P* \< .05) decreased in early symptomatic AD after multiple comparison when compared to the healthy controls (A) and the preclinical AD (B) cohorts; (2) radial diffusivity significantly increased in the early symptomatic AD cohort when compared to the healthy controls (C) and the preclinical AD (D) cohorts. The mean FA skeleton (green) representing the centers of all WM tracts common to participants was overlaid on the Montreal Neurological Institute standard space brain T1-weighted image. (E) Boxplot demonstrates that, in the region of genu of corpus callosum, the FA (a) is significantly decreased and radial diffusivity (b) is significantly increased in the early symptomatic AD when compared to that in the preclinical AD and the healthy controls cohorts. Thick lines indicate means, boxes indicate 25th to 75th percentiles, and thin lines indicate 5th and 95th percentiles. The age, gender, and *APOE* ε4 genotype were controlled for in computing the statistical significance of differences. L, left hemisphere; R, right hemisphere; P, posterior; A, anterior; \**P* \< .05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

3.6. Relationship between NII-derived indices and CSF t-tau {#s0075}
-----------------------------------------------------------

A significant negative relationship was found between CSF levels of t-tau and NII FA in WM ([Fig. 4](#f0020){ref-type="fig"}A and Supplementary Table 2). No other NII-derived indices were associated with CSF levels of t-tau. The partial correlations as a measure of effect size were also examined between NII FA and CSF tau in those voxels that were significant in the splenium of corpus callosum. When controlling for age, gender and *APOE* ε4 genotype, the partial correlation with CSF t-tau was *r*~*partial*~ = −0.33 (*P* \< .001) for NII FA.Fig. 4Correlations between NII-derived FA and CSF tau. Coronal, axial and sagittal views show the voxel-wise significant (*P* \< .05) (red/yellow clusters, expanded to be visible) correlations between NII FA and CSF t-tau (A) The mean FA skeleton (green) representing the centers of all WM tracts common to all participants was overlaid on the Montreal Neurological Institute standard space brain T1-weighted image. Cluster-based thresholding corrected for multiple comparisons. Scatter plots show the correlation between NII-derived indices and the CSF t-tau in the region of genu of corpus callosum (B). Diamond marker represents the healthy controls, red triangle represents the preclinical AD and the green circle represents the early symptomatic AD participants. The age, gender and *APOE* ε4 genotype were controlled for in computing the statistical significance of differences. L, left hemisphere; R, right hemisphere; P, posterior; A, anterior. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4

4. Discussion {#s0080}
=============

Immune cells, particularly microglia and astrocytes, have been reported to mediate the inflammatory response in AD and are considered a significant contributor to AD pathogenesis. Detecting and quantifying the early neuroinflammation manifested in AD as immune cell activation and infiltration could shed light on potential mechanisms underlying AD pathogenesis and progression. Based on the previous success of DBSI ([@bb0110]; [@bb0535]; [@bb0530]; [@bb0540]), NII was developed and implemented on clinical scanners to simultaneously detect and quantify WM cellularity change, which may reflect inflammation and WM damage, and their associations with CSF measures of AD pathologies in preclinical and early symptomatic AD.

Currently, three major types of biomarkers of inflammation in AD have been evaluated, but none have proved ideal. First, PET tracers such as \[^11^C\]-(*R*)-PK11195, \[^11^C\]-PBR28, \[^11^C\]-DPA-713, \[^18^F\]-DPA-714, \[^18^F\]-FEPPA, which target the 18 kDa translocator protein (TSPO) (a marker for neuroinflammation), are used for imaging of microglia activation and inflammation in AD animal models and patients ([@bb0005]; [@bb0105]; [@bb0180]; [@bb0405]; [@bb0475]). Okello et al. found that activated microglia labeled by increased \[^11^C\]-(*R*)-PK11195 binding was observed in prodromal participants with increased Pittsburgh compound B (\[^11^C\]-PIB) retention for Aβ plaque load in brain ([@bb0330]). Another study found elevated microglial activation, as labeled by high \[^11^C\]-(*R*)-PK11195 binding, in a group of AD subjects with high \[^11^C\]-PIB retention ([@bb0135]). However, these PET approaches are limited by issues including binding tied to genetic polymorphisms ([@bb0340]; [@bb0345]), lackingspecificity of translocator protein binding for activated microglia ([@bb0245]; [@bb0250]) and variability of plasma protein binding ([@bb0490]). Additionally, most of the current TSPO PET tracers are \[^11^C\] based and can only be performed at academic centers in proximity to a research cyclotron facility ([@bb0160]; [@bb0500]). Elevated levels of CSF YKL40 ([@bb0125]) and other proteins have also been reported to be markers of inflammation ([@bb0020]; [@bb0195]; [@bb0550]). Astroglial activation suggested by the elevated CSF levels of YKL40 has been observed in preclinical AD, mild cognitive impairment and early AD ([@bb0020]; [@bb0040]; [@bb0125]; [@bb0335]). CSF levels of YKL40 are promising in discriminating between cognitively normal individuals and patients with mild cognitive impairment (MCI) and AD, and in predicting the progression of cognitively normal individuals to MCI ([@bb0240]). However, CSF analyses have limitations including potential assay drift ([@bb0395]), inter-laboratory variability in measurements of certain markers ([@bb0275]; [@bb0280]; [@bb0285]), the invasiveness of a lumbar puncture and an inability to provide information about the anatomic location of pathology ([@bb0565]). Given these limitations, as a non-invasive, non-radioactive imaging technique capable of quantifying cellular alterations which may reflect inflammation in the general population, NII holds a unique position to potentially advance our understanding of the role of inflammation in pre-symptomatic and early symptomatic AD.

In the present study, the lack of statistical difference of the NII cellular fraction among healthy controls, preclinical and early symptomatic AD suggests that there is no increase in inflammatory cell fraction (whether from proliferation or infiltration) in preclinical and early symptomatic AD. Microglia/astrocyte activation involves a rapid alteration of cellular metabolism and function, which can be accompanied by a graded spectrum of morphological changes that transform highly ramified microglia/astrocytes into amoeboid-phagocytic microglia/astrocytes with an increase in cell body size ([@bb0215]; [@bb0445]; [@bb0485]). A few diffusion MRI techniques have demonstrated their sensitivity to fiber or cell diameters by tracking the changes of water diffusion ([@bb0025]; [@bb0045]; [@bb0380]; [@bb0455]). Increased cellular diffusivity which would be correspond with an increase in cell body size may serve as a potential marker for microglia/astrocyte activation in AD. In this study, NII derived cellular diffusivity was quantified in each group to reflect the extent of activated microglia/astrocytes. The observed increase of NII cellular diffusivity ([Fig. 1](#f0005){ref-type="fig"}) in the preclinical AD and early symptomatic AD group may suggest the microglia/astrocyte activation.

Emerging studies have demonstrated that microglial activation can promote Aβ clearance and play important role in neuroprotection during the early stage of AD ([@bb0165]; [@bb0440]; [@bb0560]). The observed increase of NII cellular diffusivity ([Fig. 1](#f0005){ref-type="fig"}) and absence of WM damage according to NII-derived FA and radial diffusivity findings ([Fig. 3](#f0015){ref-type="fig"}) in the preclinical stage suggest the microglia/astrocyte activation may be the early pathological signature in AD. These results would be consistent with the neuroprotective role of early inflammation induced by Aβ. With progression of disease, chronic inflammation may stimulate pro-inflammatory cytokines and cause neuronal death ([@bb0130]; [@bb0265]). NII findings in symptomatic AD may indicate the presence of chronic WM inflammation ([Fig. 1](#f0005){ref-type="fig"}) accompanied by wide spread WM damage, particularly myelin damage more than axonal injury ([Fig. 3](#f0015){ref-type="fig"}). These results are consistent with previous PET studies which found microglial activation in early preclinical AD to be protective ([@bb0175]) and animals studies that have shown a detrimental role of chronic inflammation and neuronal loss in the later stage of AD ([@bb0255]; [@bb0260]; [@bb0555]).

Previous cross sectional DTI studies on sporadic AD and MCI patients reported widespread WM damages indicated by reduced FA and increased mean diffusivity ([@bb0010]; [@bb0030]; [@bb0060]; [@bb0080]; [@bb0235]; [@bb0270]; [@bb0415]). Those WM regions include corpus callosum, internal capsule, corona radiata, cingulum, fornix, superior longitudinal faciculus and superior fronto-occipital fasciculus, uncinated fasciculus etc., which largely overlap with the WM damage regions detected by reduced NII FA and increased NII radial diffusivity. WM microstructural changes have also been reported in aged adults without dementia using free water elimination DTI ([@bb0205]). With more advanced modeling, NII detected increased cellular diffusivity, unchanged FA and radial diffusivity in the genu, body and splenium corpus callosum, internal capsule, corona radiata, posterior thalamic radiation, external capsule, fornix, etc. (Supplementary Table 1) in those with preclinical AD. Those findings may indicate WM inflammation occurs earlier than WM damage following abnormal amyloid accumulation in the preclinical AD period.

Abnormal amyloid deposition is considered an early AD pathology preceding tau accumulation ([@bb0050]; [@bb0155]). Fibrillar Aβ stimulates a classical proinflammatory response in microglia, which can be visualized in AD patients and may be present in preclinical AD ([@bb0085]; [@bb0410]; [@bb0495]). Our finding of a significant correlation between NII WM inflammation measure (cellular diffusivity) and CSF Aβ~42~ ([Fig. 2](#f0010){ref-type="fig"}A) is consistent with previous histological examination of AD brains as well as cell culture studies ([@bb0355]), suggesting the WM involvement of the Aβ stimulated neuroinflammation. In contrast, CSF t-tau levels did not elevate in preclinical group and did not impact on the early WM inflammation detected by NII. Cerebral Aβ deposition and persistent activated microglia might both induce neuronal damage ([@bb0300]; [@bb0505]), which has been quantitatively measured by CSF t-tau. The observed association between CSF t-tau levels and NII WM damage measure in our cohort suggests the WM involvement of the neurodegeneration process in early symptomatic AD. The elevation of CSF Aβ~42~ levels in preclinical group without NII-detected WM damage may suggest the delayed impact of amyloid deposition on WM damage. Although the biological mechanisms still remain unknown, the different associations between AD hallmark pathologies and NII WM measures may suggest the distinct impacts of amyloid deposition and neurofibrillary tangles on WM integrity.

Widespread WM damage such as demyelination was observed and associated with cognitive decline in individuals with symptomatic AD ([@bb0320]; [@bb0325]; [@bb0460]). In this study, we found increased NII radial diffusivity and decreased NII FA in multiple white matter tracks (Supplementary Table 1) in early symptomatic AD, suggesting early involvement of demyelination and WM damage. Significant correlation between NII FA and CSF levels of t-tau ([Fig. 4](#f0020){ref-type="fig"}) suggests that WM abnormalities become more severe with increasing neurodegeneration.

The two tensor model ([@bb0350]) and other advanced diffusion MRI models ([@bb0115]; [@bb0140]; [@bb0545]) have been previously proposed to eliminate the partial volume effect from free water, such as CSF, by including a free water compartment. In comparison to previous diffusion MRI methods, NII computes a spectrum of isotropic diffusion compartments to quantify not only free water, but also restricted, hindered water compartments, reflecting cellularity infiltration and edema, respectively, in CNS degenerative diseases ([@bb0110]; [@bb0530]; [@bb0540]). In order to model the complex pathologies, NII employs a data-driven multiple tensor platform to analyze diffusion signals and adaptively determine the number and properties of diffusion compartments by solving an inverse problem.

Our previous studies have found that the accuracy and precision of DBSI computation depends on the SNR of diffusion MRI images ([@bb0110]). From the Monte-Carlo simulation, no difference from the true values for the DBSI derived metrics was observed using 25- and 99-direction diffusion schemes. We found that a SNR larger than 30 should be enough for DBSI computation. In our study, the averaged SNR in WM for each diffusion MRI acquisition is 45 on b0 images. With two repetitions of diffusion MRI acquisition, SNR can reach 63 on b0 images, which is sufficient for NII computation.

This study has several limitations. First, although NII has been validated for a different neurodegeneration disease, MS, there are no direct validations of NII\'s inflammation and WM damage indices in AD. We plan to validate NII by comparing with histopathology studies of AD autopsy brain, and other PET markers of inflammation such as DPA-714, PBR28 ([@bb0525]), PK11195([@bb0420]). Another limitation is that new clinical neuropsychological tests such as Montreal cognitive assessment is not available in this study. Future studies will be needed to further clarify the level and types of cognitive impairment and its relationship with NII measures in the symptomatic group. Finally, longitudinal clinical studies will be needed to determine the relevance of NII indices in prediction of cognitive outcomes. Despite these limitations, our findings support NII\'s future applications to characterize AD progression. Moreover, NII can be readily deployed on most clinical MRI scanners and safely translated to clinical trials of larger patient populations.

5. Conclusion {#s0085}
=============

AD is typically considered a disease of the gray matter. However, over the past several years, studies have reported abnormalities in white matter that are associated with disease progression. This study demonstrated that NII can simultaneously image and quantify WM cellularity changes and damage in preclinical and early symptomatic AD. With further validation and establishment, NII could be clinically translated to noninvasively investigate the roles of WM inflammation and damage in AD pathogenesis.
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==============================
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[^1]: These two authors contributed equally to this paper.

[^2]: Data are presented as mean (SD) or number (%).

[^3]: Healthy controls: participants with ≥459 pg/ml Aβ42 and ≤ 339 pg/ml total tau in the cerebrospinal fluid (CSF) and with normal cognition (CDR = 0).

[^4]: Preclinical AD: participants with \<459 pg/ml Aβ42 in the CSF and with normal cognition (CDR = 0).

[^5]: Early symptomatic AD: participants with \<459 pg/ml Aβ42 in the CSF and with very mild AD dementia (CDR = 0.5).

[^6]: *APOE* ε4 +, positive for at least one apolipoprotein E ε4-allele.

[^7]: MMSE: Mini-Mental State Exam.
